Background: BH3 mimetics are promising chemotherapeutics, but their full mechanisms of action are underexplored. Results: BAX, BID, and BIM directly influence BH3 mimetics to pharmacologically inhibit anti-apoptotic BCL-2 proteins. Conclusion: BH3 mimetics display differential activities that are dependent upon both anti-and proapoptotic BCL-2 members function. Significance: Understanding how BH3 mimetics function within the BCL-2 family repertoire will improve the utility of these drugs.
signal that is provided by transient interactions with the "direct activator" BH3-only proteins, such as BID (BCL-2-interacting domain death agonist) or BIM (BCL-2 interacting mediator of death) (4, 5) . The remaining "sensitizer/derepressor" BH3-only proteins, such as BAD (BCL-2-associated death promoter) and PUMA (p53 up-regulated modulator of apoptosis) regulate the availability of direct activators by preventing BID/BIM association with the anti-apoptotic BCL-2 proteins (6 -10) . Together, the inhibition of the anti-apoptotic BCL-2 proteins by sensitizer/derepressor BH3-only proteins coupled with the induction of direct activators sets the pace by which MOMP and apoptosis will proceed (2) .
The relatively recent development of small molecules that directly inhibit the anti-apoptotic BCL-2 members allows for the pharmacological regulation of MOMP and apoptosis (11) (12) (13) . These molecules, termed BH3 mimetics, function similar to the sensitizer/derepressor BH3-only proteins by binding within the hydrophobic groove of anti-apoptotic proteins (12, 14, 15) . In some cases, this association is sufficient to promote apoptosis if the treated cell harbors covert direct activator BH3-only proteins; this is exemplified by several white blood cell tumors that constitutively suppress BIM function via BCL-2/ BCL-xL (16 -18) . However, the utility of BH3 mimetics as single agents and in combination strategies for the treatment of solid tumors remains under investigation in the laboratory and clinic.
Over the years, a panel of BH3 mimetic drugs (e.g. ABT-263, ABT-737, HA14.1, GX15-070, and TW-37) have been developed, and each demonstrate unique specificity for the anti-apoptotic BCL-2 members (13, 19 -24) . However, very little is known about how the presence of various pro-apoptotic BCL-2 proteins impacts upon BH3 mimetic function. Here, we directly examined the relationships between BH3 mimetics and various BCL-2 family protein functional complexes and reveal that proapoptotic BCL-2 proteins impose additional specificities for responses to these drugs.
EXPERIMENTAL PROCEDURES
Reagents-All cell culture and transfection reagents were from Invitrogen; and standard reagents were from Fisher Scientific unless indicated otherwise. Drugs were from the following companies: ABT-737 (Abbott Pharmaceuticals), ABT-263/ HA14.1/GX15-070/TW-37 (Selleck), and thapsigargin/DTT (Sigma). Antibodies used for this study were as follows (clone): anti-BAX (N-20 for total BAX, Santa Cruz Biotechnology; 6A7 for IP, Sigma-Aldrich), anti-BID (BD Pharmingen), anti-BIM (C34C5, Cell Signaling), anti-cytochrome c (7H8.2C12, Santa Cruz Biotechnology), and anti-HSP60 (B-9). Full-length BAX, A1⌬C, BCL-xL⌬C, MCL-1⌬C, BIM-S, and N/C-BID were made as described (8, 25) . The human BIM and PUMA BH3 domain peptides (Ͼ98% purity, Abgent), BID TAMRA and BIM TAMRA peptides (Ͼ90% purity, Anaspec), and BID/ BID FAM /BIM FAM peptides (Hartwell Center, St. Jude Children's Research Hospital) were solubilized in anhydrous dimethyl sulfoxide in a N 2 environment, stored at Ϫ80°C, and thawed only once. All lipids for the LUV studies were purchased from Avanti Polar Lipids.
Cell Culture and Apoptosis Assays-HeLa cells were cultured in DMEM containing 10% fetal bovine serum, 2 mM L-glutamine, and antibiotics. For cell death studies, cells were seeded for 24 h and treated as described, and floating and attached cells were harvested and stained with annexin V-FITC in binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 ) and analyzed by flow cytometry as indicated (26) .
Heavy Membrane Isolations and Cytochrome c Release Assays-At least 2 ϫ 15 cm dishes at 90 -95% confluency were used per treatment. Cells were harvested by trypsinization and pelleted by centrifugation at 1000 ϫ g for 10 min. The cell pellet was washed once with mitochondrial isolation buffer (MIB; 200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH, pH 7.4, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, and 0.1% BSA) and resuspended in MIB supplemented with protease inhibitors (HALT, Pierce Biotechnology). The cell suspension was incubated on ice for 20 min and homogenized using a 2-ml Potter-Elvehjem dounce. The homogenate was centrifuged for 10 min at 800 ϫ g at 4°C, and the supernatant was collected and centrifuged again using the same conditions to ensure that no unlysed cells or nuclei were present. The resulting supernatant was centrifuged for 10 min at 8000 ϫ g at 4°C. The pellet was collected as the heavy membrane (i.e. mitochondrial) fraction.
For liver mitochondrial isolations, we employed a common protocol (27) . Heavy membrane fractions (referred to as mitochondria) were purified from murine liver, usually female, under 3 months, using dounce homogenization and differential centrifugation in mitochondrial isolation buffer (MIB; 200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH, pH 7.4, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, and 0.1% BSA). For MOMP assays, mitochondria were incubated in MIB supplemented to 110 mM KCl (mitochondrial assay buffer), and indicated peptides and drugs were added for 30 min at 37°C. Total cytochrome c was determined by a sample containing mitochondria solubilized in 1% CHAPS. Reactions were then fractionated into supernatant and pellet by centrifugation at 5500 ϫ g for 5 min, and the supernatant was analyzed by SDS-PAGE and Western blot for cytochrome c. Quantification of cytochrome c release was performed by ImageJ software (NIH) and normalized to CHAPS. BID FAM /BIM FAM Release Assays-Isolated mitochondria (50 g) were incubated with 50 or 100 nM peptide for 30 min at 37°C, pelleted at 8000 ϫ g at 25°C, resuspended in MIB supplemented with KCl (to 120 mM) and indicated BH3 mimetic or PUMA BH3 peptide (5 M), incubated for an additional 30 min at 37°C, pelleted at 8000 ϫ g at 25°C, and lysed in 100 l of radioimmune precipitation assay buffer, and the fluorescence was detected using a Synergy H1 hybrid multi-mode microplate reader (BioTek) (excitation wavelength, 494 nm; emission wavelength, 521 nm).
BAX Activation Assays-For 6A7 studies, cells were treated as indicated, trypsinized, pelleted, lysed in 6A7 amino-terminal capture buffer (10 mM HEPES, pH 7.4, 135 mM NaCl, 5 mM MgCl 2 , 0.2 mM EDTA, 1% glycerol ϩ 1% CHAPS, added fresh) incubated on ice for 10 min, and centrifuged at 20,000 ϫ g for 10 min at 4°C. The supernatants were combined with 2 g of 6A7 antibody, incubated for 12 h at 4°C with end/end mixing, an appropriate volume of protein A/G-agarose conjugate was added, and incubated for an additional hour. The beads were washed with each of the following buffers twice, 1 ml per wash: 1) wash A consisted of 10 mM HEPES, pH 7.4, 135 mM NaCl, 2% CHAPS; pH 7.4; 2) wash B consisted of 10 mM HEPES, pH 3, 135 mM NaCl, 0.2% CHAPS) wash C consisted of 100 mM Tris HCl, pH 8.0, 100 mM NaCl. Proteins are eluted by the addition of 1ϫ SDS-PAGE loading buffer (50 l), denatured for 10 min at 95°C, centrifuged for 1 min at 15,000 ϫ g, and the supernatant was subjected to SDS-PAGE and Western blot analysis using clone N-20 for BAX detection.
Western Blot Analyses-Whole cell protein lysates were made from trypsinized cells, pelleted, resuspended in radioimmune precipitation assay buffer supplemented with protease inhibitors, incubated on ice for 10 min, and centrifuged for 10 min at 21,000 ϫ g. Protein concentrations were determined by a standard BCA kit, and the lysates were then adjusted with radioimmune precipitation assay buffer to equal the protein concentrations. Proteins (50 -100 g/lane) were subjected to SDS-PAGE before transferring to nitrocellulose by standard Western conditions, and blocked in 5% milk/TBST and primary antibodies (1:1000 in blocking buffer incubated overnight at 4°C). The secondary antibody (1:5000 in blocking buffer) was incubated at 25°C for 1 h before standard enhanced chemiluminescence detection.
Large Unilamellar Vesicle Assays-Large unilamellar vesicle (LUV) release assays were prepared as described (5, 28) . Briefly, phosphatidylcholine, phosphatidylethanoloamine, phosphatidylserine, phosphatidylinositol, and cardiolipin at a ratio of 47:28:9:9:7 (4 mg total) were dried and resuspended in buffer (0.2 mM EDTA, 10 mM HEPES, pH 7, 200 mM KCl, and 5 mM MgCl 2 ) containing a polyanionic dye (12.5 mM 8-aminonaphthalene-1,3,6-trisulfonic acid) and cationic quencher (45 mM p-xylene-bis-pyridinium bromide) using a water bath sonicator. Unilamellar vesicles were formed by extrusion of the suspension through indicated polycarbonate membranes (1.0 m; Avanti). The unincorporated p-xylene-bis-pyridinium bromide and 8-aminonaphthalene-1,3,6-trisulfonic acid were removed by using a 10-ml Sepharose S-500 gravity flow column. Using a 96-well format, 100 l of total volume per condition, LUVs, proteins, peptides, drugs, and buffers were combined as indicated, incubated for 45 min at 37°C, and analyzed for fluorescence using a Synergy H1 hybrid multi-mode microplate reader (excitation wavelength, 355 nm; emission wavelength, 520 nm; photomultiplier tube gain, 125; optics position, top; read height, 5.5 mm). The percentage of release was calculated between the baseline provided by the buffer control and 100% release obtained by LUVs solubilized in 1% CHAPS. Recombinant BCL-2 family protein concentrations were determined by extensive titrations (data not shown), and the lowest concentration for maximal activity for each protein was used, and this was determined for each recombinant protein preparation. Background fluorescence for TW-37 was subtracted from all measurements.
Fluorescence Polarization (FP) Assays-BID TAMRA -or BIM TAMRA -labeled peptides (50 nM) were incubated with A1, BCL-xL, or MCL-1 (indicated concentrations) in 1ϫ PBS for 5 min at 25°C, and polarization was measured using a Synergy H1 hybrid multi-mode microplate reader (excitation wavelength, 530 nm; emission wavelength, 590 nm; photomultiplier tube gain, 50). For competition experiments, A1, BCL-xL, or MCL-1 was combined with BID TAMRA or BIM TAMRA peptides for 10 min, ABT-737 (20 M) was added and incubated for an additional 60 min at 25°C, and the fluorescence was measured. Higher concentrations of drugs are required in the FP assays due to the absence of LUVs. Maximal depolarization was set to the ABT-737 and BCL-xL combination, as ABT-737 was designed for BCL-xL binding (12) .
RESULTS
To determine how BH3 mimetic responses are influenced by proapoptotic BCL-2 proteins, we employed a biochemically defined LUV model system that faithfully recapitulates BAXdependent MOMP (5, 28) . These LUVs are comprised of purified lipids in ratios similar to the composition of the OMM, yet in the absence of additional proteins, allow for BAX to activate, oligomerize, and permeabilize the LUV membrane (6) . To examine the lowest concentrations of proapoptotic and antiapoptotic proteins required within the LUV system, we first titrated BAX (human, full-length, and untagged), in the absence and presence of BID or BIM. BAX alone demonstrated minimal, yet dose-dependent LUV permeabilization (Fig. 1A) ; and the presence of BID (Fig. 1B) or BIM (Fig. 1C ) synergized with BAX to promote maximal dose-dependent LUV permeabilization. Based on these data, we used BAX at concentrations of 100 and 25 nM for evaluating BAX alone and in synergy with BID/ BIM, respectively, in subsequent experiments. Furthermore, 50 nM BID/BIM were determined to optimally synergize with BAX, with negligible increases in permeabilization up to 100 nM BID/BIM (Fig. 1, B-D) . "BID" and "BIM" proteins are human SEPTEMBER 19, 2014 • VOLUME 289 • NUMBER 38
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full-length N/C-BID and the short isoform of BIM (BIM-S), respectively (29) .
Independent of direct activator proteins, high concentrations of BAX will lead to LUV permeabilization such as 100 nM BAX (Fig. 1A) , due to unavoidable spontaneous activation during recombinant protein expression and/or purification. This effect can be inhibited in a dose-dependent manner by co-incubation with anti-apoptotic proteins such as A1, BCL-xL, or MCL-1 ( Fig. 2A) , which directly bind to active BAX. We next evaluated a panel of BH3 mimetics for their ability to derepress BAX from A1, BCL-xL, and MCL-1. These BH3 mimetics were chosen due to their common usage within the laboratory and/or clinical potential; their K i values for A1, BCL-xL, and MCL-1 are shown (Fig. 2B) . Importantly, these molecules alone do not demonstrate auto-fluorescence, permeabilization activity alone, or synergy with BAX within the LUV model system (Fig. 2, C and D) . When combined with BAX/A1 (Fig. 2E) , BAX/ BCL-xL (Fig. 2F) , or BAX/MCL-1 (Fig. 2G) , each BH3 mimetic produced a unique derepression profile for the BAX/anti-apoptotic BCL-2 protein combinations that is not explainable based on the K i values for anti-apoptotic BCL-2 proteins alone.
To determine whether these unexpected observations were specific to BAX/anti-apoptotic BCL-2 protein combinations, we evaluated the derepression activity of the same BH3 mimetic drug panel on the inhibitory functions of anti-apoptotic BCL-2 proteins on BID-induced BAX activation. In this scenario, low concentrations of BID (50 nM) and BAX (25 nM) synergize to permeabilize LUVs (Fig. 3A) , and anti-apoptotic BCL-2 proteins inhibit this activity in a dose-dependent manner (50, 100, 175, and 250 nM) (Fig. 3A) . The addition of BH3 mimetics to the BAX/BID/anti-apoptotic combinations led to differential derepression, which was dependent upon the anti-apoptotic BCL-2 within the assay. However, the derepression profiles for BAX alone (Fig. 2, D-F ) differed for BID/BAX (Fig. 3, B-D) , suggesting that proapoptotic BCL-2 proteins influence BH3 mimetic function.
In Fig. 2 , we analyzed high concentrations of BAX, whereas in Fig. 3 , a low concentration of BAX in the presence of BID was used, and these different activation scenarios could introduce unknown variation. Therefore, to compare more equivalent BAX activation scenarios, we next tested the derepression activity of the BH3 mimetic drug panel on the inhibitory func- tions of anti-apoptotic BCL-2 proteins on BIM-induced BAX activation. In this scenario, low concentrations of BIM (50 nM) and BAX (25 nM) synergize to permeabilize LUVs (Fig. 4A) , and anti-apoptotic BCL-2 proteins inhibit this activity in a dose-dependent manner (50, 100, 175, and 250 nM) (Fig. 4A) . Indeed, another unique derepression profile (Fig. 4, B-D) was obtained for these drugs, and interestingly, the profile differed markedly from BID-induced BAX activation (Fig. 3, B-D) . For example, ABT-737 displayed marked differences for BID-and BIM-mediated derepression from A1.
The previous experiments were performed in biochemically defined conditions; we next determined whether these biochemical observations were relevant in cultured cells and isolated primary mitochondria. To generate a cellular system that harbors activated BID, we cultured HeLa cells with low levels of TNF␣ (0, 0.1, 0.5 ng/ml; in the presence of cycloheximide to inactivate caspase-8 inhibition, 10 g/ml) for 7 days (8). Fulllength BID is 22 kDa, cytosolic, and inactive (i.e. BID-p22) (30, 31) . When proapoptotic signaling is initiated via death receptors (e.g. tumor necrosis factor receptor 1) due to the presentation of death ligands (e.g. TNF␣), caspase-8 is activated, which leads to proteolytic processing of BID into an active 15-kDa fragment (i.e. BID-p15) (32) . BID-p15 is rapidly sequestered by anti-apoptotic proteins on the OMM and may be pharmacologically liberated to induce apoptosis (8) . We next determined whether the availability of BID-p15 cooperated with BH3 mimetics to induce apoptosis (Fig. 5) ; and in a subsequent set of experiments, we examined the presence of BIM (Fig. 6) .
HeLa cells cultured with TNF␣ (0, 0.1, 0.5 ng/ml) were generated as described above, treated with indicated BH3 mimetics (5 M) for 8 h, stained with annexin V, and analyzed by flow cytometry for apoptosis. Note that GX15-070 treatment alone promoted cell death that was independent of caspase activation at the concentration required for appropriate comparisons with the other BH3 mimetics (data not shown), so we excluded this drug from cellular apoptosis studies. All doses of TNF␣ and the BH3 mimetics (5 M) failed to induce detectible apoptosis as single agents (Fig. 5, A and B) , but the presence of ABT-263/ ABT-737 induced massive apoptosis in all TNF␣ treatments. In contrast, HA14.1 and TW-37 revealed an apoptotic response that was dependent upon the higher TNF␣ concentration (Fig.  5A , comparing 0.1 and 0.5 ng/ml TNF␣). Indeed, all cellular responses to BH3 mimetics were apoptosis, as the co-treatment with zVAD-fmk, a pan-caspase inhibitor, prevented the majority of cell death (Fig. 5B) .
The observation that HA14.1 and TW-37 synergized with the higher dose of TNF␣ (and by extension, BID-p15) suggested that these drugs function better when BID-p15 is abundant. We isolated whole cell lysates from TNF␣-cultured HeLa cells and observed that although BID-p22 expression does not change during treatments, the accumulation of BID-p15 did increase from low (0.1 ng/ml) to high (0.5 ng/ml) concentrations of TNF␣ (Fig. 5C) . Furthermore, heavy membrane fractions (commonly referred to as "mitochondria") were purified from the TNF␣ cultured cells treated with the BH3 mimetic panel for 4 h, lysed, and assayed for associated BID-p15. Indeed, ABT-263/ABT-737 treatment completely removed BID-p15 from the heavy membrane fraction independent of TNF␣ concentration (Fig. 5D) , which contrasted to HA14.1 and TW-37 (Fig.  5D ). These drugs removed BID-p15 only in the 0.5 ng/ml TNF␣ treatment, which paralleled the apoptosis results in Fig. 5A .
BH3 mimetic regulated displacement of BID-p15 from the heavy membrane fraction should promote BAX activation. To determine whether BAX was activated, the TNF␣-cultured cells were treated with the BH3 mimetic panel for 12 h and lysed in CHAPS buffer to preserve BAX conformations, and BAX was immunoprecipitated using an antibody (clone 6A7) that specifically recognizes the active conformation of BAX (33) . Indeed, the apoptosis and displacement results in Fig. 5 , A and D, correlated with 6A7-positive BAX (Fig. 5E) , whereas the expression of BAX remained consistent for all treatments (Fig. 5E) .
To directly examine the ability of BH3 mimetics to release activated BID in a BID concentration-dependent manner, we loaded the anti-apoptotic BCL-2 repertoire on freshly isolated primary liver mitochondria with chemically synthesized, fluorescently labeled BID BH3 domain peptide (BID FAM ), which functions akin to BID-p15 (6) . The BID BH3 domain peptide is the minimal region required to bind anti-apoptotic BCL-2 proteins (6, 7), and we quantified the extent of BID FAM release by the BH3 mimetic panel. As with the TNF␣ treatments, we examined low and high levels of BID FAM on mitochondria, 50 and 100 nM. We do not infer that these concentrations represent the physiological levels of BID-p15, but rather, they generate low and high levels of BID FAM on mitochondria (Fig. 5F ). The relative fluorescent units that bind to the OMM represent only a few percent of the total added peptide. Mitochondria with low and high BID FAM levels were then treated with the BH3 mimetic panel (5 M) for 30 min at 37°C, before determining the remaining mitochondria-associated fluorescence. Whereas ABT-263 and ABT-737 released the majority of BID FAM independent of BID FAM concentration, HA14.1, GX15-070, and TW-37 efficiently displaced BID FAM from the OMM only when BID FAM was at high concentrations ( Fig. 5G) , which also paralleled the cell death responses in Fig. 5A . Importantly, the release of BID FAM always paralleled cytochrome c release (Fig. 5H) . The PUMA BH3 domain peptide demonstrates high affinity (ϳ1 nM) for all members of the anti-apoptotic BCL-2 repertoire (34) and serves as a potent positive control for the release of BID FAM (and BIM FAM , described below).
Next, we established similar model systems for BIM by examining BIM FAM loaded mitochondria, and BIM-dependent apoptosis induced by the unfolded protein response. Mitochondria with low and high BID FAM levels (Fig. 6A ) were then treated with the BH3 mimetic panel (5 M) for 30 min at 37°C, before determining the remaining mitochondria-associated fluorescence (Fig. 6B) (Fig. 6B) . Importantly, the release of BIM FAM always paralleled cytochrome c release (Fig. 6C) .
In cells treated with DTT (25 mM) and thapsigargin (4 M), two inducers of the unfolded protein response that require BIM for apoptosis (35) , ABT-263/ABT-737 promoted DTT-and thapsigargin-induced cell death (Fig. 6, D and E) , whereas HA14.1 and TW-37 did not (Fig. 6, D and E) . Similar to the BIM FAM release in Fig. 6B , increasing the DTT (5 mM) and thapsigargin (8 M) treatments lead to more BIM expression (Fig. 6F) and dose-dependent synergy with ABT-263 and ABT-737 (Fig. 6, G and H) . In contrast, HA14.1 and TW-37 remained ineffective in promoting apoptosis (Fig. 6, G and H) .
Subsequently, we isolated mitochondria from cells treated with endoplasmic reticulum stress agents with or without the BH3 mimetic panel and performed Western blot analyses to determine endogenous BIM association. DTT (5 mM) and thapsigargin (8 M) treatments led to the accumulation of BIM on mitochondria (Fig. 6I ) and co-treatment with ABT-263 or ABT-737 eliminated the majority of mitochondria-associated BIM (Fig. 6I) . In contrast, HA14.1 and TW-37 failed to promote detectible release of BIM (Fig. 6I) .
Finally, we sought to reveal a mechanism by which BH3-only proteins dictate specificity to BH3 mimetics. To determine this, we employed a fluorescence polarization approach that allowed us to monitor binding and release of TAMRA-labeled BID and BIM BH3 domain peptides (BID TAMRA and BIM TAMRA ) from anti-apoptotic BCL-2 proteins in the same sample. BID TAMRA and BIM TAMRA peptides incubated with increasing concentrations of anti-apoptotic BCL-2 proteins (A1, BCL-xL, MCL-1; 0, 20, 50, 100, 200, 500, 1000, 2000 , 5000 nM) undergo rapid and dose-dependent polarization (Fig. 7A) .
After polarization, ABT-737 was added to promote the depolarization of BID TAMRA and BIM TAMRA , which is a direct measure of release from the anti-apoptotic BCL-2 protein. We narrowed our experiments to ABT-737 for four reasons: 1) this drug is widely used in the literature; 2) it FIGURE 5. BID on the outer mitochondrial membrane differentially regulates BH3 mimetic activity and cell death. A, HeLa cells were treated with TNF␣ (0, 0.1, 0.5 ng/ml), cycloheximide (CHX; 10 g/ml), and BH3 mimetics (5 M) for 8 h before annexin V staining and flow cytometry analyses. B, same as in A, except with the addition of the pan-caspase inhibitor, zVAD-fmk (100 M). C, whole cell lysates were subjected to SDS-PAGE and Western blot analyses for full-length BID (p22) and activated, cleaved BID (p15); BID-p7 is also shown. TNF␣ treatments are 0.1 and 0.5 ng/ml. HSP60 is shown as a loading control. D, heavy membranes isolated from HeLa cells treated with TNF␣ (0.1 or 0.5 ng/ml) and cycloheximide (10 g/ml), and BH3 mimetics for 4 h were subjected to SDS-PAGE and Western blot analyses for remaining activated, cleaved BID (p15). E, CHAPS lysates from HeLa cells treated with TNF␣ (0.1 or 0.5 ng/ml) and cycloheximide (10 g/ml) and BH3 mimetics for 12 h were subjected to 6A7 immunoprecipitation for activated BAX. Total BAX is shown as an input control. F, primary liver mitochondria were incubated with indicated unlabeled BH3 peptides or drugs (5 M), or BID FAM (low ϭ 50 nM; high ϭ 100 nM) for 30 min at 37°C, before determining the amount of mitochondrial-associated fluorescence. G, primary liver mitochondria were loaded with BID FAM (low, 50 nM; or high, 100 nM), before treatment with indicated unlabeled BH3 peptides or drugs (5 M) for 30 min at 37°C. Mitochondria-associated fluorescence was adjusted to 100% with DMSO treatments. H, same as G, but cytochrome c release was determined and reported as % intact mitochondria. All data are representative of at least duplicate experiments and are reported as Ϯ S.D. as required.
served as a backbone for subsequent BH3 mimetics used in the clinic; 3) LUV, mitochondrial, and cellular responses to ABT-737 tend to be complete; and 4) including all of the drugs would require nearly 50 anti-apoptotic BCL-2/BH3 peptide/drug combinations to examine. As shown in Fig. 7B , ABT-737 differentially displaced BID TAMRA and BIM TAMRA from anti-apoptotic proteins, indicating that BH3 domains directly influence the binding of BH3 mimetics to their antiapoptotic BCL-2 targets. The % depolarization is shown in the top panel; and the same results were normalized to release from BCL-xL as ABT-737 was originally designed to target BCL-xL (Fig. 7B) . Together, these data suggest that each drug within the BH3 mimetic panel displays unique abilities to derepress BID-and BIM-dependent apoptosis and that the presence of proapoptotic BCL-2 members influences the success of BH3 mimetics to promote apoptosis.
DISCUSSION
In the current work, we identified that BH3 mimetic drugs promote differential activities that are directly influenced by the presence of proapoptotic BCL-2 proteins. Throughout most of the BH3 mimetic literature, the mechanisms of action for these drugs focus almost exclusively on their anti-apoptotic targets. Although this is certainly important, an overlooked additional regulator of BH3 mimetic function, as shown here, is which proapoptotic BCL-2 protein is associated with the antiapoptotic BCL-2 protein. Although we have not examined all BH3 mimetics, our representative panel and data set suggest that defining anti-apoptotic/proapoptotic BCL-2 protein complexes is important to understanding this class of promising therapeutics.
Our data present several interesting observations. First, the literature does not provide a clear understanding of how all of the BH3 mimetics investigated within this study biophysically interact with the anti-apoptotic BCL-2 members A1, BCL-xL, or MCL-1 (Fig. 2B) . However, the data presented throughout
Figs. 2-7 and summarized in Fig. 7 , C-F, provide evidence that functional interactions between the BH3 mimetics and antiapoptotic targets indeed occur. For example, we cannot locate biophysical data supporting interactions for HA14.1 or TW-37 with A1, yet these drugs function to derepress proapoptotic molecules from A1 (Figs. 2E and 7D) .
Second, these data provide a curious glimpse into the impact of proapoptotic BCL-2 proteins in successful derepression mediated by BH3 mimetics. For example, several cancers are dependent upon MCL-1 for survival (36, 37) , and ABT-263 is described to not mediate MCL-1 inhibition. However, when MCL-1 is in complex with BAX or BIM, we detect derepression activity, but no activity is observable when BID is sequestered by MCL-1. Additionally, HA14.1 is not described to neutralize Fig. 2B were converted to asterisks: 0 -10 nM (*****), 11-100 nM (****), 101-500 nM (***), 501-1000 nM (**), and Ͼ1000 (*). D-F, maximal derepression activities by the PUMA BH3 domain peptide were normalized to 100%, and the resulting BH3 mimetic panel activities adjusted and divided into 20% increments: 0 -20% (*), 21-40% (**), 41-60% (***), 61-80% (****), and 80 -100% (*****) activity compared with the PUMA BH3. The different proapoptotic BCL-2 members investigated are represented as BAX (purple), BID (green), and BIM (blue) tables; this color scheme is consistent throughout the figures. Values presented in C are based on the literature, whereas the relationships in D-F are derived from the current investigation.
MCL-1, yet we observed a derepressor activity for HA14.1 that is increasingly enhanced by BAX, BID, and BIM. These unpredicted activities could be mediated by the drug's apparent K d for apo-MCL-1 or perhaps by conformational changes that occur when MCL-1 is complex with BAX, BID, or BIM that increase the affinity between MCL-1 and HA14.1. As an aside, our results are not exclusive to BAX, as BAK-dependent permeabilization demonstrated similar derepression patterns following treatment with the BH3 mimetic panel (Figs. 5H and  6C) .
Finally, the utility of BH3 mimetics as single agents remains to be explored and may be restricted to cells that constitutively harbor covert direct activators, promoting their release, and subsequent cell death (16 -18, 38) . Yet, our studies suggest that the clinical success of BH3 mimetics in combination strategies may be influenced by the following: 1) which anti-apoptotic BCL-2 proteins are expressed within the tumor cells and 2) which BH3-only protein is induced and/or activated by the other drugs within the treatment strategy. For example, a chemotherapeutic agent that promotes BIM sequestration on BCL-xL would not complement TW-37, as TW-37 preferentially disrupts BCL-xL/BID (Fig. 3C ) complexes instead of BCLxL/BIM (Fig. 4C) (38) . Indeed, the complex nature of tumors that express multiple anti-apoptotic proteins surely complicates predictions, and the dynamic expression of anti-apoptotic and proapoptotic BCL-2 proteins before and after exposure to chemotherapeutics presents daunting challenges, but as clinical technologies improve to parse these events, mechanistic insights into the pathways that commit a cell to death will surely be useful.
